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Abstract. We analyze evanescent fields of laser written waveguides and show that
they can be used to trap atoms close to the surface of an integrated optical atom chip.
In contrast to subwavelength nanofibres it is generally not possible to create a stable
trapping potential using only the fundamental modes. This is why we create a stable
trapping potential by using two different laser colors, such that the waveguide supports
two modes for the blue detuned laser, while for the red detuned light the waveguide has
only a single mode. In particular, we study such a two-color trap for Cesium atoms,
and calculate both the potential and losses for the set of parameters that are within
experimental reach. We also optimize system parameters in order to minimize trap
losses due to photon scattering and tunneling to the surface.
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1. Introduction
The attractions of integrated atom-light interfaces lie in the control and enhancement
of optical fields offered by photonics combined with the versatility of atomic systems.
With the help of such interfaces a range of new possibilities in atomic and optical physics
can be explored, which include a pathway to implement scalable quantum networks [1]
and the ability to engineer light-matter interactions in quantum many-body physics
[2, 3]. The photonic part of the interface is commonly used to create a strong optical
confinement, as is achieved for sub-wavelength fibres [4, 5] or photonic crystals [2]. While
this approach allows for the generation of strong coupling between light and atoms, it
also requires a dedicated and often expensive production process which stands against
the requirements of a cost-effective and scalable interface and begs the question whether
there migth not be a simpler approach.
This is why we investigate the possibility to create a scalable light matter interface
using the evanescent field of wave guides which have been written into a dielectric
medium by means of femtosecond laser pulses. This process is fast and cost effective
and allows for the creation a variety of geometries [6]. Laser written waveguides
have been used to study and experimentally verify numerous physical phenomena with
classical light which often have analogy with coherent quantum effects found in atomic
or condensed matter physics [7, 8, 6]. Arrays of these waveguides are usually written
into glass such that the optical modes of neighboring waveguides are coupled via bulk
evanescent fields, thereby realizing tight-binding models with tunable hoppings [6].
Laser written waveguides also present an ideal platform to explore optical nonlinearities,
leading for example, to the observation of various two-dimensional soliton solutions
[9, 7]. In addition to this, recent experiments include demonstration of pseudomagnetic
fields and photonic Landau levels [10], photonic Floquet topological insulators [11], and
generation of high-order photonic entangled W-states [12].
In most experiments with laser written waveguides, the evanescent field leaking
outside of the bulk medium has not been exploited. One exception is an optofluidic
sensor in microchannels etched inside silica glass structure [13]. On the other hand,
proposals and experiments to use evanescent fields in order to achieve coherent light-
atom coupling are already well established in other photonic systems. In particular,
evanescent fields have been used for laser trapping and optically interfacing atoms
around dielectric nanofibers [4, 5, 14, 15, 16] More recently, strong single atom and
photon interactions have been achieved in evanescent field of microtoroidal resonators
[17], and in the near field of nano-photonic crystals [2, 18].
In this paper we analyze evanescent fields of laser written waveguides, and address
the possibility of their application in designing a novel light-matter interface, which
is schematically depicted in Figure 1(a). The advantages of our proposed scheme
include (a) the benefit from established and developed techniques to manufacture silica
glass chips with written waveguides, (b) the robustness and simplicity of on-chip light-
matter interface, and (c) the scalability of the interface, since individual elements can
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Figure 1. (a) Illustration of laser written and polished waveguide at the surface.
Refractive indices are indicated: maximum n1 + ∆n for the waveguide, n1 for
unmodified fused silica in the bulk, and n0 for the vacuum. (b) Characteristic field
profile of the fundamental guiding mode for a laser written surface waveguide, centered
at x = 0: we note the exponential decay into the air, along y axis (see text for details).
be combined via waveguides or optical fibers. An integral part of our novel light
interface is the ability to position and transport atoms across the chip. This is why
we show here that, for a set of realistic experimental parameters, trapping of atoms
can be implemented at distances very close to the surface of a chip with laser written
waveguides. For this we examine the idea of two-color laser trapping and show that
a stable trap in two dimensions can be achieved by choosing the geometry of the
waveguides and wavelengths of the light such that there are two guided modes for the
blue detuned light, while the red detuned light operates on a single guided mode. In
addition to this, we optimize parameters of the structure in order to maximize the trap
depth and minimize trap losses for a given input power of light.
The paper is organized as follows: in Section 2 we introduce the geometry of
the waveguide structure written close to the surface of the bulk medium, discuss the
eigenmodes of the system [19], and present a simple, analytic model for the evanescent
field. We then construct the total atomic potential for a specific example of Cesium
atoms, which consists of the optical potential for the blue and red detuned laser
frequencies and an attractive surface potential. We first demonstrate that trapping
is not to be expected when working in a single-mode regime for both colors due to
losses to the surface at the sides of the trap. We then show that a small admixture of a
higher blue mode resolves this problem. Therefore, we restrict ourselves to geometries
supporting two blue modes and a single red waveguide mode. Further, we choose the
geometry (within experimental limitations) so that we minimize effective mode area
at the surface (for the blue light), essentially maximizing the evanescent field intensity
for a given propagating power. In Section 4 we study the trap depth and losses as a
function of several parameters: distance from the surface, total power of blue and red
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light, and laser detunings. In particular, for a given trap depth and total power, we find
the detunings for which the trap losses are minimized. In Section 5 we summarize our
discussion. !
2. Evanescent field of exposed waveguides
We start by describing the structure of a typical laser written waveguide manufactured
in the group of Alexander Szameit at the University of Jena [6]. A dielectric medium
is exposed to femtosecond Ti:Saphire laser pulses, which creates a permanent refractive
index change inside the bulk of the glass. The shape of the resulting waveguide is
generally elliptic in two dimensions, and the dielectric profile of the bulk can be described
with a super-Gaussian function [10],
n(x, y) = n1 + ∆n exp
[
−
(
x2
r2x
+
(y − d)2
r2y
)3]
. (1)
Here, n1 is refractive index of unchanged medium, and ∆n is the relative change in
the refractive index. The ellipse is characterized by two radii rx and ry and we make
no assumption on which is the major and minor radius. We choose coordinates such
that the boundary of the bulk material (containing the waveguide) and the vacuum
with refractive index n0 = 1 is at y = 0. In our setup, waveguides are written in the
bulk of fused silica, and then polished to remove the top layer in order to expose the
waveguide to the surface. We assume that the semi-axes are aligned with the axes of
the coordinate system. An illustration of this laser written and polished waveguide at
the surface is plotted in Figure 1(a). In the process of polishing the waveguide is also
partially removed; in order to model the resulting geometry we introduce a parameter
d, which indicates the distance of the semi-axis along x from the polished surface at
y = 0. Typical length scales for the radii rx and ry are several microns.
In what follows, we will specify the dielectric medium to be fused silica (SiO2) and
that the value of index change is ∆n ≈ 0.005, which corresponds to maximum change
presently obtained in experiments. For the range of frequencies we will explore, i.e.,
close to D1 and D2 resonances of Cesium (with wavelengths 894.59 nm and 852.12 nm
[20]), we set n1 = 1.453 throughout.
For the numerical calculation of the waveguide eigenmodes we use a vectorial finite
difference method as developed in [21]. In Figure 1(b), we show a characteristic profile of
the evanescent part of the fundamental HE mode (for the particular example presented,
parameters used are rx = 5 µm, ry = 4 µm, and the light is blue detuned 10 nm from
the D2 resonance). !
For a large set of parameters, the dominant field component of the fundamental
waveguide solution in the evanescent region can simply be modeled as,
E(0)a (x, y) ≈ A(0)a e−y/yae−x
2/x2a , (2)
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where a = b, r refers to the "color" of the detuning, and xb,r are characteristic width for
blue and red detuned waveguide modes. The decay lengths yb,r are given by
ya =
λa
2pi
(
n2a − n20
)− 1
2 , (3)
where a = b, r and na is the effective refractive index obtained from the numerical
solution of the given geometry for respective blue or red detuned wavelength. The
characteristic widths xb,r are correlated to the radius rx of the waveguide. !
We will use our simple model of the evanescent field to derive general statements
aboout the requirements on the widths xb and xr (and therefore on the radius rx), as
well as the decay lengths yb,r to form a stable trap. However, all final results are based
on the full numerical calculation of the guided modes. Varying the parameter d has a
similar effect on the eveanescent field as changing the radius ry. This is why we set
d = 0 from now on for concreteness, meaning that exactly half of the waveguide is cut.
Recently, we have presented more detailed discussion of fundamental modes in
surface laser written waveguides, together with the resulting evanescent part reaching
into the vacuum [19]. The waveguide propagating along z axis can have two quasi-
degenerate hybrid solutions for the fundamental guiding mode. The first solution (we
label it as HE) has electric field with dominant polarization along x axis, and the second
(EH) solution along y axis. However, in the evanescent part, the second solution has
a significant longitudinal z component of the electric field which is comparable to the
y component. This suggests that the EH mode has in general elliptic polarization in
evanescent region, and carries spin angular momentum orthogonal to the propagation
direction [22, 23, 24]. In order to avoid possible non-scalar light shift contributions, in
what follows we will assume only HE solutions (quasi-x polarized) for both blue and red
detuned light.
3. Trapping potential
The basic idea behind trapping of atoms in evanescent field of a waveguide is to use two
different lasers which are blue and red detuned from the electronic transition resonances
[4]. The blue (red) detuned color leads to a repulsive (attractive) optical potential which
is proportional to the intensity of light. For these forces the total scalar contribution to
the light shift is,
Vlight(x, y) = −1
4
αb |Eb(x, y)|2 − 1
4
αr |Er(x, y)|2 , (4)
where αb,r are the frequency dependent real polarizabilities of the Cs ground state for
the blue and red detuned laser fields Eb,r [25, 26]. We assume throughout the paper
that the two lasers are blue detuned from the D2 resonance of Cs, and red detuned from
the D1 resonance.
However, in addition to the optical potential we have to include the effect of
attractive surface forces due to van der Waals and Casimir-Polder interactions. For
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the Cs atomic trap at the distance of a few 100 nm above the interface, the surface
potential can be approximated by the heuristic form,
Vsurf(y) = −C4
C3
1
(C3y + C4)y3
, (5)
with C3(6S1/2)/h = 1.16 kHz µm3, and C4(6S1/2)/h = 0.15 kHz µm4 [15, 27]. The total
potential in the x, y plane is therefore
V (x, y) = Vlight(x, y) + Vsurf(y). (6)
If we neglect the surface potential for the moment and make use of the Gaussian
approximation if Eq. (2) we can write the optical potential as
Vlight(x, y) ≈ −αr
4
(
A(0)r
)2
e−2y/yre−2x
2/x2r − αb
4
(
A
(0)
b
)2
e−2y/ybe−2x
2/x2b , (7)
which, on introducing scaled, dimensionless variables ξ = x/xr and υ = y/yr can be
fully characterised by the ratios of the amplitudes A˜b/r = A
(0)
b /A
(0)
r , the ratio of the
polarizabilities α˜b/r = αb/αr, the ratio of the ratio of the decay lengths y˜r/b = yr/yb,
and the Gaussian widths x˜r/b = xr/xb. The resulting form of the optical potential is
then given by
Vlight(ξ, υ) ≈ −αr
4
(
A(0)r
)2
e−2υe−2ξ
2
[
1 + α˜b/r
(
A˜b/r
)2
e−2υ(y˜r/b−1)e−2ξ
2(x˜2
r/b
−1)
]
(8)
The shape of the trapping potential is determined by the expression in the brackets.
This is becomes most obvious when first considering the conditions for a global trapping
minimum at ξ = 0. Determining the position υ0 of an extremum of Eq. (8) along ξ = 0
gives rise to the following condition:[
1 + y˜r/bα˜b/r
(
A˜b/r
)2
e−2υ0(y˜r/b−1)
]
= 0. (9)
Demanding that this extremum is a minimum along both ξ and υ and not a saddle point
leads to the two additional conditions[
1 + y˜2r/bα˜b/r
(
A˜b/r
)2
e−2υ0(y˜r/b−1)
]
< 0, (10)[
1 + x˜2r/bα˜b/r
(
A˜b/r
)2
e−2υ0(y˜r/b−1)
]
> 0. (11)
This in turn sets a condition on the ratios of the decay lenghts and Gaussian widths, as
y˜r/b > 1 and y˜r/b > x˜2r/b to fulfill both equations simultaneously.
The properties of this trap are then determined by the ratios of the decay lengths
y˜r/b and the Gaussian widths x˜r/b. As the effective refractive index neff does not change
drastically for different wavelengths, according to Eq. (3) the former is approximatively
given by the ratio of the wavelengths y˜r/b ≈ λr/λb, which therefore satisfies y˜r/b > 1.
The condition for a stable mininum is therefore direclty given by
y˜r/b > x˜
2
r/b. (12)
The dependence of the Gaussian widths on the geometry of the waveguide as defined by
the radii rx and ry is more complicated. However, we are aiming to create a trap close
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to the surface (∼ 100 nm at most) with waveguide modes having a small effective area.
This is why we are concentrating on geometries, for which the waveguide size defined
by rx is a few microns and commensurate with the wavelength. In this parameter range
the ratio of the resulting Gaussian widths also scales approximatively with the ratio of
the wavelengths x˜r/b ≈ λr/λb. As as consequence it is not possible to form a stable trap
in this parameter regime.
In general, condition Eq. (12) can be satisfied in certain limits, for example when
the waveguide size becomes large compared to the wavelength. In this case, the resulting
widths xb and xr of the Gaussians along x are not only given by the wavelengths, but
depend also on the radii rx and ry. However, the resulting optical potential along x axis
is then extremely shallow. In addition to this, the presence of attractive surface forces
makes the trapping along x axis even more constrained. We have numerically verified
that for realistic experimental parameters and working only with the fundamental
modes, which even obey equation Eq. (12), the resulting trapping potential along x
is at least one order of magnitude smaller then the potential along the y direction,
which is problematic as it can therefore also be smaller than the characteristic harmonic
oscillator energy of the trap along the y direction. A typical example of the total atomic
potential with a saddle point is presented in Figure 2. Here, the saddle point is located
at about ∼ 200 nm from the surface. For this example the parameters used are rx = 5
µm, ry = 4 µm, and the blue and red light are detuned 10 nm from respective resonances
with a combined input power of 8 W.
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Figure 2. Total 2D potential for Cs atoms created by superimposing single-mode blue
and red detuned lasers, together with attractive surface force. Here, the saddle point
is at ∼ 200 nm above the surface.
3.1. Atomic trap with two blue modes
In this subsection we show that full 2D atomic confinement can be efficiently created
by introducing an upper mode contribution to the blue detuned light. The general
idea is that two intensity maxima to the left and right from the symmetry axis x = 0,
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characteristic for a higher waveguide mode, can create a repulsive potential at the sides
of the stationary point that is large enough to turn the saddle point of atomic potential
into a local minimum. A characteristic field profile of the upper mode is shown in
Figure 3(a). Obviously, for this trapping mechanism to be implemented, it is necessary
to choose waveguide geometries that support not only the fundamental, but also a higher
(second) mode for the blue detuned light. To avoid the possibility of coupling into a
higher order mode for the red detuned light, we make use of the fact that the red detuned
has a longer wavelengths, rendering it possible to design a waveguide supporting a single
red and two blue detuned modes.
Under the general premise to create a working trapping devive which strive to
optimize the geometry. This is even more important now as adding another mode
increases the parameter space. One way to optimize the trapping scheme is maximize
the electric field density of the fundamental (blue) mode at the surface, |E(0)b,0 |2, for a
given total propagating power P (0)b of this mode. For this we define effective area of the
fundamental blue mode at the surface point (x, y) = (0, 0) as,
A
(0)
eff =
|E(0)b,0 |2
P
(0)
b
. (13)
In other words, we require that the effective area of the fundamental mode is minimized.
In Figure 3 we have plotted the effective area of the fundamental mode at the D2
resonance as a function of waveguide geometry. We have also excluded geometries
which do not support two-mode guiding (blue colored region).
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Figure 3. (a) Upper waveguide mode of blue detuned light with two intensity maxima
that can provide for 2D atomic confinement. (Waveguide parameters are rx = 6 µm,
ry = 3.9 µm, and the light is blue detuned 10 nm from D2 resonance). (b) Effective
area at the surface A(0)eff for the resonant wavelength λD2 of the fundamental guiding
mode. Blue region is omitted from the plot since it does not support upper waveguide
mode, and therefore cannot be used for the design of efficient 2D atomic trap.
From this we notice that the optimization requires the use of geometries with
larger rx and smaller ry in the region of the parameter space where two blue modes are
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supported. This would suggest that the trap optimized this way might be fairly large
in x-direction. In order to avoid possible experimental difficulties with very elongated
waveguides, we limit the geometry to rx = 6.0 µm. Further, we choose ry = 3.9 µm,
thereby enabling two-mode regime for blue detuned lasers, and single-mode regime for
red light.
After settling for a geometry, we construct the blue input light field as linear
superposition of the fundamental and the upper mode:
Eb =
√
τE
(0)
b + i
√
1− τE(1)b , (14)
where τ parametrizes the contributions of the two blue modes. The phase difference of
pi/2 is important, as the higher mode E(1)b has as pi phase jump across the symmetry
axis in its dominant component. In this the phase difference between the fundamental
and higher mode is the same, albeit with a different sign, which nevertheless gives rise
to a symmetric intensity distribution. !
The two blue modes have slightly different propagation constants or effective
refractive indices n0b and n
(1)
b . This will create a beating of the two modes which changes
the phase relation in Eq. (14) and therefore the shape of the trapping potential. The
beating period, given by λb/(n0b−n1b), is, however, very long, owing to the small difference
in the effective refractive indices. We can give a strict upper bound for the beating length
by noticing that the maximum difference in the effective refractice index is given by the
contrast ∆n, which would correspond to a period of 200 λb, which is about 170 µm.
More realistically, the difference between the two effective refractive indices is about
0.001 we gives a beating period of 1000λb or 850 µm. To generate a full 3D confinement
of the atoms it may therefore be necessary to reflect the field in Eq. (14) to create a
standing wave modulated by the beating frequency. !
Even a small presence of the upper mode, relative to total input power, can produce
2D confinement. Therefore, in what follows, we set k = 0.95. In Figure 4 we present
an example of 2D atomic trap. It clearly demonstrates that the trap stability can
be achieved by including upper blue mode for trapping. For this example we assume
the total power propagating along the waveguide to be 8 W, since the laser written
waveguides can easily cope with input powers of several Watts without modifying their
physical properties. In general, we can tune depth, width, and position of the trap
minimum (and also losses), by changing waveguide geometry, total input power of
lasers, contributions of blue and red light fields, and their detunings. We note that the
characteristic length scale of the trap in x-direction is more then one order of magnitude
larger then along y axis, i.e. for the corresponding oscillator frequencies of the trap we
have ωx  ωy, so that the ground state energy is E ≈ Ey = ~ωy2 . Therefore, we can
focus on a study of one-dimensional potential along x = 0 line illustrated at Figure 4(b).
In particular, we use the 1D profile to define trap depth relative to both the potential
barrier close to the surface and to the zero potential away from the surface.
The specific example presented in Figure 4 corresponds to the maximum trap
depth (∼ 11 µK) for the given choice of total power and the detunings. Namely, for
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Figure 4. (a) Two-mode trap for total power Pin = 8 W, with Pb = 3.66 W for blue,
and Pr = 4.34 W, for red detuned light. Detunings from D1 and D2 resonances are
δλr = 10.5 nm, and δλb = 10 nm. (b) Two-mode trap along x = 0 line; the black like
denotes energy of the trap ground state energy in harmonic approximation.
the set of fixed system parameters (geometry, total input power and detunings), the
trap depth and position depend only on relative contributions of blue and red detuned
laser intensities. Therefore, we can explore the depth of the trap as a function of its
location ymin as shown in Figure 5(a). We notice that the trap becomes more shallow for
large distances ym: we explain this by the fact that optical fields creating the potential
decrease further away from surface. Further, in the regime where distances from the
surface are small, repulsive barrier towards surface becomes also smaller due to the
attraction of surface forces, effectively reducing the trap depth.
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Figure 5. (a) Trap depth as a function of the position of the trap minimum. Total
input power and detunings are the same as in Figure 4. (b) Losses as a function
of position of the trap minimum. Dashed vertical line indicates the position with
the maximum trapping potential, i.e., example from Fig. 4. Total loss rate is then
Γ ≈ 67 s−1.
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4. Optimization of losses of the atomic trap
In this section we want to estimate losses from the atomic trap. We calculate two major
contributions: the tunneling to the surface, and the losses due to photon scattering. We
estimate losses to the surface within the WKB approximation along the 1D line x = 0.
That is, given the oscillator ground state frequency ωy, we have
Γtunn =
ωy
2pi
exp
(
−2
∫ y2
y1
dy
√
2m
~2
[V (x = 0, y)− E]
)
. (15)
where y1,2 are the turning points of the potential barrier, V (x = 0, y1,2) = E. Further,
we calculate losses due to photon scattering from blue and red detuned light field, Γsc,b
and Γsc,r, by extracting both field densities at the center of the trap [25].
We now proceed to explore possibility of minimizing trap losses by changing trap
parameters. In Fig. 5(b) we plot all losses as a function of the position of the trap
minimum. The parameters are identical to those for Figure 5(b). As expected, we
notice that losses increase as the trap location approaches the surface. For large trap
distances from the surface, the tunneling loss Γtunn becomes negligible; however, is
increases rapidly relative to the blue and red scattering losses for smaller ym. Again,
this can be explained by noting that for traps which are too close to the surface, the
repulsive potential barrier become too small for efficient atom trapping. The vertical
dashed line corresponds to the maximum trap depth presented in Fig. 4. Total loss here
is Γ ≈ 67 s−1, and we notice that the tunneling loss becomes comparable to the scattering
contributions. Loss considerations can therefore lead to modified trap optimization
strategy. In other words, we can reduce losses by pushing the trap minimum further
away from the surface at the expense of having the trap also more shallow. Example of
such trap with Vtrap = 10 µK, and Γ ≈ 42 s−1, is shown in Fig. 6. As can be observed,
the barrier to the surface is enlarged, effectively leading to very small tunneling loss.
This example can also be considered a result of loss optimization process described
below.
We formulate the loss optimization of an atomic trap as follows: we estimate what is
the minimal total loss of a 2D atomic trap when both total input power and the desired
trap depth are fixed. That is, given our waveguide geometry and desired trap depth, for
each value of total input power we scan both blue and red detuned laser wavelengths
in order to find optimal set of detunings for which the total loss is minimized. Figure
7 shows a characteristic optimization result, using the example of Vtrap = 10 µK. We
emphasize here that optimized trap losses depend strongly on the propagating power,
and can therefore be strongly reduced for laser written waveguides supporting large input
powers. In other words, for larger powers optimal detunings are further from atomic
resonances, leading to smaller losses. In Figure 7, we have limited the range of optimal
detunings to start at least 5nm away from atomic resonances in order to avoid possible
molecular resonances for the red detuned laser [28]. At this point, we finally note that for
total propagating power, Pin = 8 W, the set of optimal detunings corresponds exactly to
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Figure 6. (a) Two-mode trap optimized for losses for total power Pin = 8W and
Vtrap = 10 µK. Here, we find Γ ≈ 42 s−1. Detunings from D1 and D2 resonances
are δλr = 10.5nm, and δλb = 10nm. (b) Two-mode trap along x = 0 line; black line
corresponds to the ground state energy of harmonic oscillator.
one used in Figure 6, i.e. δλr = 10.5 nm, and δλb = 10 nm. Similar optimization analysis
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Figure 7. Total losses after optimization of detunings as a function of total input
power for trap depth of 10 µK.
with different system parameters is straightforward, depending on chosen atomic trap
properties (not shown here): as expected, it will result in smaller optimized losses for
smaller trap depths, and vice versa.
5. Conclusion
In conclusion, we have studied a promising interface for light-matter interactions based
on laser written waveguides at the surface of fused silica. Our calculations demonstrate
that trapping of atoms in evanescent light of waveguide modes is possible to achieve
by superimposing two different laser frequencies in the waveguide. Importantly, we
have verified that atom trapping mechanism is successful in the regime where the blue
detuned laser supports two propagating modes, whereas the red detuned laser operates
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in a single-mode regime. Unlike in the case of dielectric nanofibers [4], we have shown
that the single-mode regime for both wavelengths is not expected to provide efficient
trapping in laser written waveguide setup. We have focused on a particular example
of Cs atoms with one wavelength blue detuned from atomic D2 resonance, and the
other wavelength red detuned from D1 resonance. Numerical results are presented for
reasonable experimental parameters: as an example we have investigated atomic traps
with potential depth ∼ 10 µK, realized with several Watts of total propagating power.
Finally, we have provided with optimization scheme for system parameters in order to
minimize trap losses due to photon scattering and surface losses.
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